Background-We investigated associations between ambient pollution levels and cardiovascular function in a repeated measures study including 163 observations on twenty-one 53-to 87-year-old active Boston residents observed up to 12 times from June to September 1997. Particles with aerodynamic diameter Յ2.5 m (PM 2.5 ) were measured continuously using a tapered element oscillating microbalance. Methods and Results-The protocol involved 25 minutes per week of continuous Holter ECG monitoring, including 5 minutes of rest, 5 minutes of standing, 5 minutes of exercise outdoors, 5 minutes of recovery, and 20 cycles of slow breathing. Heart rate variability (HRV) was assessed through time domain variables: the standard deviation of normal RR intervals (SDNN) and the square root of the mean of the squared differences between adjacent normal RR intervals (r-MSSD). Mean 4-hour PM 2.5 levels ranged from 3 to 49 g/m 3 ; 1-hour ozone levels ranged from 1 to 77 ppb. In multivariate analyses, significantly less HRV (SDNN and r-MSSD) was associated with elevated PM 2.5 . During slow breathing, a reduction in r-MSSD of 6.1 ms was associated with an interquartile (14.3 g/m 3 ) increase in PM 2.5 during the hour of and the 3 hours previous to the Holter session (Pϭ0.006). During slow breathing, a multiple pollution model was associated with a reduction in r-MSSD of 5.4 ms (Pϭ0.02) and 5.5 ms (Pϭ0.03) for interquartile changes in PM 2.5 and ozone, respectively, resulting in a combined effect equivalent to a 33% reduction in the mean r-MSSD. Conclusions-Particle and ozone exposure may decrease vagal tone, resulting in reduced HRV. (Circulation.
R educed heart rate variability (HRV) is a predictor of increased risk for cardiovascular mortality and morbidity. 1, 2 It may be a marker for poor health or it may be an etiologic factor, representing a disturbance of autonomic function that increases risk for cardiac events. Short-term increases in particle air pollution have been associated with increases in daily cardiovascular mortality and morbidity in studies from cities throughout the industrialized world. 3 In response to particle exposure, heart rate or rhythm abnormalities without hypoxia or respiratory distress have been observed in animals 4 and humans. 5 These studies have led to the hypothesis that particle air pollution may influence cardiovascular risk in part through disturbance of autonomic function as reflected by changes in HRV. Recent studies in Maryland 6 and Utah 7 suggest associations between ambient particle levels and reduced HRV; other pollutant effects were not investigated. We assessed the relationship between shortterm changes in multiple air pollutants and short-term changes in HRV in a community-based elderly population.
Methods

Study Sample and Protocol
Between May and July 1997 volunteers were recruited from a Boston housing community, where the screening and testing office were located, on the ground floor of an apartment building. A questionnaire was administered regarding medications, pulmonary and cardiac symptoms, and smoking history. A resting 12-lead ECG was performed. Exclusion criteria included unstable angina, atrial flutter, atrial fibrillation, paced rhythm, or left bundle-branch block. Inclusion criteria included the ability to walk on level ground. Thirty-one individuals were screened and 21 entered the repeated measures study.
Each participant was given a day of the week and a time when weekly testing would be performed. Subjects were tested June through September from 9:00 AM to 2:00 PM, Monday through Friday, by a team of 2 technicians or physicians. Participants were administered a brief questionnaire regarding chest pain, doctor's visits, hospital visits, medication changes, and whether the medication had been taken that morning. Continuous Holter monitoring with electrodes in a modified V5 and AVF position was performed during a protocol involving: (1) Five minutes of rest. Respiratory rate and 3 supine blood pressures were measured using a mercury column sphygmomanometer; (2) Five minutes of standing. After 2 minutes of equilibration, standing blood pressure was measured 3 times; (3) Five minutes of exercise outdoors. If the participant felt able, a standard walk was performed, involving one climb up a slight incline; (4) Five minutes of recovery. The participant lay down again and respiratory rate was recorded; (5) Three minutes, twenty seconds of slow breathing. 8 For 20 respiratory cycles, the participant was asked to breath in for 5 seconds and then out for 5 seconds, with a technician coaching. The slow breathing portion enabled us to evaluate whether the effects of pollution on HRV were independent of respiratory rate, which might also be influenced by pollution levels.
Processing of Holter Recordings
Using a Marquette MARS Workstation, a trained engineer reviewed and, when necessary, corrected automatically determined readings of QRS complexes. Regions of noise and artifact (Ͻ1% of data) were eliminated. After correction, software facilities on the MARS were used to export beat timing and annotation information for analysis and creation of outcome variables through custom PC-based software written in the C language. Only normal-to-normal (NN) intervals between 150 and 5000 ms with NN ratios between 0.8 and 1.2 were included for analysis of heart rate variability. No tape contained Ͼ1% premature beats.
Two time domain measures of HRV were obtained. The standard deviation of normal RR intervals (SDNN) and the square root of the mean of the squared differences between adjacent normal RR intervals (r-MSSD) were calculated from all normal RR intervals for each portion of the protocol and the protocol overall.
Exposure Monitoring
Airborne particles with an aerodynamic diameter Յ2.5 and 10 m (PM 2.5 , PM 10 ) were measured continuously 6 km from the study site, using the Model 1400A Tapered Element Oscillating Microbalance (TEOM). Because the TEOM sample filter is heated to 50°C, a season-specific correction was used to compensate for the loss of semivolatile mass that occurs at this temperature. 9 Calibration factors were obtained by regressing continuous PM 2.5 and PM 10 concentrations averaged over 24-hour periods on the corresponding collocated integrated 24-hour Harvard Impactor low-volume Teflon filter gravimetric measurements: corrected PM 2.5 ϭ͑ measured PM 2.5 ϩ2.00͒/0.944 for May through August ͑r 2 ϭ0.99͒
Coarse matter was calculated by subtracting PM 2.5 from PM 10 . Continuous carbon monoxide (CO) data were collected within a quarter of a mile of the participant residence, with a ThermoEnvironmental (Franklin, Mass) Model 48 gas analyzer using a US EPA reference method. Ozone (O 3 ), NO 2 , SO 2 , temperature, and relative humidity measurements were obtained from the Massachusetts Department of Environmental Protection local monitoring site 4.8 miles from the study site.
Analysis
Continuous or categorical predictor variables treated as time invariate (or changing slowly) included age, sex, race/ethnicity, body mass index, and the diagnostic categories were derived from answers to the screening questionnaire and are summarized in Table 1 . Time varying predictors included air pollutants, temperature, relative humidity, and medication use.
Data analyses dealt with the variable number of repeated measures on each subject. Although individual covariates were available for each subject and were used to control for individual differences, it †The mean of the levels during the 4 hours before and including the time of Holter monitoring.
‡NAAQS indicates National Ambient Air Quality Standards (averaging time).
was believed unlikely that the measured covariates would explain all interindividual differences. Because each subject was not seen on each day of the study but rather once or twice a week, this created the potential for variations in the persons to be seen each day to confound time varying exposures such as air pollution. The primary approach we took to control for this was to construct fixed-effects models, 10 fitting an individual intercept for each subject while still adjusting for time-varying covariates and individual traits, the most important of which was medication use. Fixed-effects models have the advantage of adjusting for both measured and unmeasured time invariate characteristics of the individual, but the disadvantage of not providing estimates for specific measured time invariate subject characteristics. Through the mixed procedure of SAS, 11 a second set of random-effects models were used to evaluate the sensitivity of air pollution results to the choice of model and to define the primary effects and interactions with air pollution of subject characteristics, whose individual effects could not be evaluated in a fixed-effects model. Because there are multiple measurements on each subject, and those measurements may not be independent, a random subject effect was used in these regression analyses.
Weather and air pollution are continuous exposure measures and may not be related to electrophysiological measures in a linear fashion. To test this assumption, we repeated the analyses using generalized additive models in Splus. 9 A generalized additive model fits the outcome as a sum of functions of each predictor not required to be linear. The shape of these functions is estimated from the data using nonparametric smoothing, and the significance of any deviations from linearity can be tested using nonparametric F tests. 9 Fixed-effects models used nonparametric smoothing to adjust for temperature because it (temperature) did not always have a linear relationship with heart rate and HRV.
Results
A total of 163 Holter monitoring sessions were recorded for the 21 participants, 16 of whom had 6 or more observations. The median body mass index of the participants was 25.6 kg/m 2 (range, 18.5 to 33.3 kg/m 2 ); the median age was 73.3 (range, 53 to 87 years).
Pollution levels and weather measurements in relation to the times of Holter monitoring are detailed in Table 2 . Peak exposure times for PM 2.5 were in the early morning, often during the 3-to 5-hour period before testing; O 3 levels were highest at midday (Figure 1 ). CO and SO 2 levels were low (Table 2) .
During exercise, when sympathetic stimuli could be expected to take over from vagal tone, which dominates during rest periods, 12 heart rate rose (Table 3) and HRV (SDNN, r-MSSD) fell. Heart rate was lowest during slow breathing, the period designed to elicit vagal tone.
Although associations were found with shorter averaging periods for pollution, the largest and most precise estimates of associations between PM 2.5 and heart rate occurred with the mean 24-hour PM 2.5 (Table 4) . Associations between PM 2.5 and heart rate/HRV outcomes were not seen with pollution measures beyond 24 hours before testing.
Associations between 24-hour PM 2.5 levels and diminished heart rate increased in magnitude and precision after adjusting for the previous 24-hour mean temperature (Table 4) . Adjusting for 24-hour PM 2.5 , overall heart rate rose as 24-hour temperature rose. A larger reduction in heart rate with PM 2.5 was seen for smokers (3.8 versus 1.5 ms; Pϭ0.08) and for those in fair-to-poor health (3.9 versus 1.3 ms; Pϭ0.02).
For SDNN and r-MSSD, the size and precision of the estimates of associations with PM 2.5 increased with each additional hour until the mean of the hour of and the 3 to 4 hours before testing. This timing approximated the number of hours since 6 to 7 AM, when particulate pollution levels peaked. Elevated PM 2.5 levels over the hour of and the 3 hours before testing (4-hour PM 2.5 ) were associated with reduced 
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Ambient Pollution and Heart Rate Variabilityoverall HRV as measured by SDNN, but the associations were somewhat weaker than associations between PM 2.5 and r-MSSD (Table 4) . Associations between elevated PM 2.5 and reduced r-MSSD were robust and significant in all portions of the protocol other than exercise, with only small changes in the precision or magnitude of effect estimates with adjustment for temperature or heart rate (Table 4) . Graphically, the assumption of a linear association between PM 2.5 and reduced r-MSSD appeared acceptable (Figure 2) , and the deviation from a linear, no-threshold model was not significant (Pϭ0.69). An interquartile increase in Estimates for the associations between PM 2.5 and heart rate or HRV were similar regardless of the use of fixed-or randomeffects models (Tables 4, 5 , and 6). In separate random-effects models adjusting for PM 2.5 , we examined age, body mass index, sex, smoking status, race, medication use, hypertension, coronary artery disease (history of angina or heart attack), history of congestive heart failure, and overall assessments of general health as predictors of heart rate and HRV. Subject characteristics with univariate associations were tested in multivariate models ( Table 5 ). The increase in r-MSSD associated with of ␤-blocker usage was Ϸ 3 times the magnitude of the decrease in r-MSSD associated with PM 2.5 .
Other pollutants, including coarse particulate matter, CO, O 3 , NO 2 , and SO 2 were considered as independent predictors and confounders of the associations between PM 2.5 and heart rate/HRV. In single pollutant models, both 24-hour mean All repeated measures regression models contain fixed-effects indicator variables for each of 21 participants and variables for whether the participant took a ␤-blocker, calcium channel blocker, angiotensin-converting enzyme inhibitor, or sympathomimetic medication on the testing day.
*Mean of the estimates of all 5 portions of the protocol, weighted by the SE.
NO 2 and SO 2 were associated with reduced heart rate in the first rest period, but not overall. Associations between these pollutants and heart rate for shorter pollution averaging periods were weaker. Multiple pollutant models also suggested an independent contribution of these gases to heart rate in the first rest period but not overall (Table 6) . No other pollutants considered were associated with reduced heart rate in a significant or graphically plausible manner. Increased levels of O 3 predicted reduced r-MSSD, with estimated effects similar to those of PM 2.5 . The peak effect appeared to have a somewhat shorter averaging period for O 3 , compared with PM 2.5 . Both 4-hour mean PM 2.5 and 1-hour mean O 3 were significant predictors of reduced r-MSSD during the slow breathing period, after outdoor exercise. The combined effect of the 2 pollutants on reduced r-MSSD was 11 ms or 33% of the mean r-MSSD during slow breathing. Coarse particulate matter, CO, SO 2 , and NO 2 were not associated with r-MSSD.
Discussion
This study suggests that both particulate and O 3 pollution may lead to short-term autonomic imbalance, reflected by changes in Covariate adjusted smoothed plot and 95% confidence limits of r-MSSD vs PM 2.5 averaged over the 4 hours before and including the hour during Holter monitoring. r-MSSD was adjusted for indicator variables for each of the participants and variables for whether the participant took a ␤-blocker, calcium channel blocker, angiotensin-converting enzyme inhibitor, or sympathomimetic medication on the testing day. F represent individual covariate adjusted observations for each individual for each day.
heart rate and HRV. For persons 65 and older, a 4.3% increase in daily deaths in Boston was observed for an interquartile change in PM 2.5 of the same magnitude as seen in our study. 13 Whether or not pollution-related short-term changes in HRV or autonomic balance can partially account for associations between particulate or O 3 14 levels and cardiovascular morbidity or mortality is unknown. Between-person reduced HRV has been demonstrated to predict an increased risk for subsequent cardiac events in a population initially free of clinically apparent cardiac disease, 2 increased mortality in the elderly, 1 and sustained ventricular tachycardia. 15 In these between-person comparisons, altered HRV may contribute to mortality either as an etiologic factor 1 or as a marker for poor health and subclinical coronary artery disease. If altered HRV is an etiologic factor for myocardial ischemia and fatal arrhythmias, it is hypothesized to work through sympathetic predominance and/or diminished parasympathetic tone.
Clinically, extreme within-person changes in autonomic function related to extremes either in sympathetic or parasympathetic output, can increase cardiac morbidity. 16 Whether, for vulnerable populations, there are prognostic implications for more subtle within-person changes in autonomic balance as reflected in heart rate variability is unknown. We estimate a short-term pollution (PM 2.5 ϩ O 3 ) related reduction in r-MSSD of 13 ms (Table 6 ), similar in magnitude but opposite in effect compared with the increase in r-MSSD observed in short-term follow-up in trials of effects of post-MI cardiac rehabilitation, ␤-blockers, or verapamil on HRV. 17 Because r-MSSD estimates short-term variation in heart rate, reduction in r-MSSD suggest decreased parasympathetic influences on heart rate. Although short-term variation in heart rate is in part governed by respiratory variation, it is also influenced by other parasympathetic stimuli. 12 In our study, because the association between PM 2.5 and reduced r-MSSD did not diminish after controlling respiratory rate in slow breathing or after adjusting for the observed respiratory rate during the first rest period, it is less likely that this association was solely a function of a pollution-related effect on respiration and a subsequent vagally mediated reflex effect on the heart. The reduction in r-MSSD in response to PM 2.5 was also independent of effects of heart rate increases on r-MSSD.
The small negative association between 24-hour PM 2.5 and heart rate does not fit with the hypothesis of an overall decrease in vagal tone or increase in sympathetic tone accompanying a high pollution episode. It is possible that the 24-hour averaged effect of PM 2.5 differed from the more immediate effects of 4-hour PM 2.5 . It is also plausible that in certain vulnerable populations particulate pollution leads to dysregulation of autonomic function, which can simultaneously reduce heart rate and HRV. Our findings of particle-associated overall decreases in HRV are similar to those in Maryland 6 but different from Utah (29 person-days) 7 where increases in particle levels were associated with reduced SDNN but increased r-MSSD. Differences between the Boston and Utah findings may not be due to chance or sample size; the nature of the autonomic response to pollution may relate to the host and particle mass characteristics.
Pollution-related pulmonary inflammation may lead to systemic autonomic dysfunction through stimulation of vagal receptors in the lung. Derangements in cardiac neural conduction may also occur when inflammatory mediators or particles from the lung are transmitted via the general circulation to the heart. Killingsworth and colleagues have found pathological evidence for chemokines and particles in the myocardium of rats exposed to particle pollution. 18 
Limitations
Only time domain and not frequency domain variables were available for this study; however, the correlation between the 2 types of measures of long-and short-term cycles of HRV is high (eg, 0.93 for r-MSSD and high frequency HRV). Comparisons between our study results and others can only be approximate. Between studies, averaging time for measurement of r-MSSD varies between 5 minutes, 2 hours, and 24 hours. However, our overall mean value for r-MSSD (29 ms) was similar to that of the Framingham (33 ms) and other studies, 2 suggesting comparability for that measurement, which is less influenced by length of observation than measures reflecting long-term cycles. 12 Although the number of observations was sufficient to evaluate pollution effects on HRV, the number of subjects was insufficient to generalize regarding subject characteristics and HRV. Nevertheless, adjusting for subject characteristics was essential, because the effects of characteristics such as medication use were large. Except for measures of CO, measures of other pollution parameters were made up to 6 km from the study site; however, these parameters were demonstrated to be regionally distributed. Measurement error may influence the small correction factor for the loss of semivolatile organics from PM 2.5 but is unlikely to influence the relationship between PM 2.5 and r-MSSD. Lack of time activity, air conditioning use, and indoor pollution data are likely to increase error in the estimation of actual exposure; however, this is likely to bias the analysis toward the null.
Study Implications
This Boston study suggests that short-term changes in both PM 2.5 and O 3 alter HRV, and therefore autonomic function. However, even if prospective studies find our results qualitatively or quantitatively reproducible, it will be necessary to assess whether short-term changes in HRV have prognostic value for either ischemic changes or malignant cardiac arrhythmias.
